The results demonstrate that repetitive nanosecond pulse plasma cavity ignition of ethylene-air flows at moderate discharge pressures, P=0.2-0.25 atm, occurs via formation of multiple arc filaments in the fuel-air plasma. Plasma filamentation occurs in the nanosecond pulse discharge in a fuel-air mixture, although air plasma remains diffuse and low-temperature until the fuel was added. At these conditions, it is difficult to isolate thermal ignition in high-temperature filaments from nonequilibrium plasma chemical fuel oxidation and ignition due to radical generation in the plasma. After ignition occurs in the cavity, the flame couples out to the main flow, extinguishes, and is reignited within a few tens of milliseconds. Main flow ignition frequency at P=150 torr decreases from 30 Hz at u=35 m/sec to approximately 10 Hz at u=65 m/sec. It is demonstrated that that repetitive ignition occurs due to a slow rate of mixing between the main flow and the cavity, which results in combustion products remaining in the cavity for extended periods of time. To counter this effect, a small fraction of the main premixed fuel-air flow was injected into the cavity. At higher flow velocities, u=50-70 m/sec, this approach considerably reduced delay time between ignition events and increased burned fuel fraction. However, no continuous flame was sustained either in the cavity or in the main flow. Comparison of repetitive nanosecond pulse discharge ignition with DC arc discharge ignition, with both discharges sustained in the cavity of the same geometry demonstrated that the use of a DC discharge results in longer delay time between ignition events, much lower burned fuel fraction, and significantly lower flow velocity at which ignition is produced. 
Introduction
Over the last decade, considerable progress has been made in studies of nonequilibrium plasma assisted combustion. A review of recent experimental work in this field is given in Refs. [1, 2] . The main motivation for this research is development of more efficient plasma ignition and flameholding systems for internal combustion engines and jet engines, which could operate in a wide range of equivalence ratios, pressures, and flow velocities. Low-temperature plasmas generated by high peak voltage, repetitively pulsed, nanosecond pulse duration discharges offer several key advantages over other types of nonequilibrium plasmas used for plasma-assisted combustion applications. First, the reduced electric field, E/N, during the pulse is much higher than achieved in most nonequlibrium plasmas, up to several hundred Td (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) V·cm 2 ), which results in a significant fraction of the discharge energy going into electronic excitation and dissociation of molecules. Second, these plasmas are known to be more stable at high pressures compared to other types of electric discharges, due to their very low duty cycle, ~1/1000. Basically, electron impact ionization produced by a nanosecond pulse is turned off before ionization instabilities have time to develop, and is repeated before the plasma decays completely. This makes possible generating large-volume, uniform, and stable repetitively pulsed plasmas [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Recent experimental work using nanosecond pulse discharges focused on the use of plasmas for ignition of room-temperature quiescent and flowing air-fuel mixtures [12, 13] , ignition and flameholding in room-temperature air-fuel flows [9] [10] [11] , ignition delay time reduction in quiescent shock-preheated mixtures [14, 15] , flame stabilization [16] [17] [18] , slow fuel oxidation [19] , as well as sustaining uniform ionization in supersonic flows [3] [4] [5] and metastable and radical species generation [6] [7] [8] 20, 21] . In the present paper, we are primarily focusing on feasibility of extending the use of these discharges to ignition and flameholding of roomtemperature air-fuel flows at high flow velocities. Our previous experiments [22] showed that ignition delay time in premixed, stoichiometric room temperature ethylene-air and acetylene-air flows excited by a repetitive nanosecond pulse discharge at P=0.05-0.08 atm and ν=25-50 kHz in a plane-to-plane geometry is fairly long, 5-25 msec. Ignition delay time measured in quiescent, stochiometric propane-air mixtures excited by a repetitive nanosecond pulse plasma at P=0.35-2.0 atm and ν=30 kHz in a point-to-plane geometry is also quite long, 7-15 msec [13] . This suggests that nanosecond pulse plasma ignition of low-temperature, high-speed flows (u~100 m/sec and above, with submillisecond flow residence time in the igniter) in a wide range of pressures would require the use of a cavity to increase flow residence time in the plasma. Feasibility of this approach has been demonstrated in a recent work [23] , where multiple hightemperature DC arc filament discharges have been used to ignite hydrogen and ethylene injected into a cavity of a rectangular cross section M=2 air flow channel. The objective of the present paper is to demonstrate cavity ignition of premixed hydrocarbon-air flows using a repetitively pulsed nanosecond plasma, and to determine the range of flow parameters (velocity and pressure) at which ignition and flameholding can be achieved.
Experimental
The schematic of the plasma ignition / cavity flow test section used for the present experiments shown in Fig. 1 . The main difference of this test section compared to plasma assisted combustion test sections used in our previous work [9, 10] is that the plasma is sustained in a rectangular cavity in the bottom wall rather than in the main flow. The main objectives of the present design were (i) to generate a diffuse plasma filling the entire cavity, and (ii) to maximize the flow residence time in a recirculating flow / plasma region in the cavity, thereby producing ignition and flameholding at higher flow velocities compared to our previous results [9, 10] . The rectangular cross section (5 cm x 1 cm) flow channel is made of aluminum and has a rectangular cavity (1.9 cm deep and 2.25 cm long in the streamwise direction) machined in the bottom wall of the channel, as shown in Fig. 1 . A 3.2 mm diameter cylindrical high voltage brass electrode is placed in the center of the cavity, perpendicular to the flow direction, as shown in Fig. 1 . The electrode is placed inside a 6.4 mm outside diameter alumina ceramic tube, with the gap between the electrode and the tube filled with a silicon rubber adhesive. The walls of the main flow channel are covered by 0.65 mm thick alumina ceramic plates, and the cavity walls are covered by 1.6 mm thick macor ceramic plates. Both sets of plates are attached to the walls using a silicon rubber adhesive. This is done to preclude secondary electron emission from exposed grounded metal surfaces and the resultant arc filament ("hot spot") formation in the discharge. This reduces the dimensions of the cavity to 1.8 cm (depth) and 1.9 cm (length). The high voltage electrode is connected to a Chemical Physics Technologies high voltage pulsed power supply producing 25 kV peak voltage pulses with individual pulse duration of approximately 15 nsec FWHM and maximum pulse repetition rate of 50 kHz, also used in our previous work [10, 11] . The test section can be operated using premixed or fuel injection flows, with fuel injected into the air flow through a 1.6 mm diameter orifice in the bottom wall, as shown in Fig. 1 .
The test section is connected to 1 inch diameter, 6 ft long premixed air/fuel delivery line and to a 4 cm x 5 cm cross section, 32 cm long extension channel leading to the vacuum system. In the present experiments, the gas delivery / metering system provides a premixed air-fuel mass flow rate up to 10 g/sec (flow velocity in the test section of 70 m/sec at the test section pressure of 200 torr). Both air and fuel are supplied from high-pressure cylinders. Air and fuel flow rates are measured separately using sonic chokes placed in their respective delivery lines, before mixing. Downstream of the test section, the flow is diluted with atmospheric air through a vent valve to prevent further combustion in the vacuum system and in the dump tank. The 1200 ft 3 dump tank is pumped out using an Allis-Chalmers 1900 cfm rotary vane vacuum pump. The test section static pressure ranges from 70 torr to 200 torr. The test section pressure and the mass flow rate can be varied independently. The present experiments have been conducted in premixed stoichiometric ethylene-air flows, with up to a few per cent of the fuel-air mixture flow diverted from the main flow and injected into the cavity through the bottom wall, as shown in Fig. 1 . The injection flow rate was measured by an Omega FMA-A2308 mass flow controller.
A 5 cm x 10 cm rectangular window made of quartz and two 1 cm diameter BK-7 glass circular windows provide optical access to the plasma region in the cavity and to the flow downstream of the cavity (see Fig. 1 ). The rotational temperature in the plasma sustained in the cavity was inferred from visible emission spectra (partially rotationally resolved 0→2 and 1→3 bands of the N 2 (C 3 Π u →B 3 Π g ) band system). For this, synthetic spectrum has been used, with accurate nitrogen molecular constants, rotational line intensities, and the experimentally measured slit function of the spectrometer. In our previous work [9] , this method has been calibrated by comparing the synthetic and the experimental N 2 (C 3 Π u →B 3 Π g ) emission spectra measured at a low pulse repetition rate in air flow preheated by an in-line flow heater up to T=20-180 0 C with thermocouple measurements in the absence of the plasma. The uncertainty of rotational temperatures inferred from the synthetic spectra is ±30 0 C. The emission spectroscopy setup consists of an Optical Multichannel Analyzer (OMA) with a Spectra Physics 0.5 m monochromator with a 30 µm slit, a 1200 g/mm grating blazed at 500 nm, a PIXIS 256E 1024x256 pixel CCD array camera, and a 5 m long Thor Labs AFS fiber optic bundle with collimators on each end, providing spectral resolution of about 0.1 nm. The collimators were positioned in front of a rectangular optical access window (see Fig. 1 ) and in front of the slit opening of the spectrometer, respectively. Fiber optic link calibration using a 1.3 mm diameter aperture light source showed the collimator signal collection region to be a cylinder 2-3 mm in diameter and approximately 50 mm long. Therefore emission spectra yield line-of-sight averaged temperature, with the spatial resolution of about 3 mm. The temperatures have been measured at two different locations in the cavity, (i) between the electrode and the bottom wall, and (ii) above the electrode. To determine burned fuel fraction and combustion product concentrations, the flow is sampled through a wall sampling port 50 cm downstream of the cavity into a 20 cm long absorption cell with CaF 2 windows, placed into an absorption compartment of a Biorad 175C FTIR spectrometer with liquid nitrogen cooled InSb detector. After sampling, absorption cell was partially evacuated to reduce the cell pressure to 40 torr. Note that the temperature in the absorption cell is close to room temperature since a flow sample rapidly cools off. Burned fuel fraction was inferred from absorption spectra in a 2000-3500 cm -1 region, taken at 1 cm -1 spectral resolution, using the procedure described in our previous publication [11] .
Ignition in the cavity and in the main flow was detected by monitoring time-dependent OH emission from the flow through the quartz rectangular optical access window, using a narrow bandpass filter centered at 310±2 nm (bandpass 11±2 nm FWHM), a photomultiplier (PMT) tube, and a digital oscilloscope. The response time of this emission diagnostics, approximately 10 µsec, was controlled by using a variable terminator resistor placed between the PMT and the oscilloscope and set at 50 kΩ. Emission signals from the main flow and from the cavity were collected separately by masking the optical access window. Broadband single-pulse images of the repetitively pulsed nanosecond plasma, as well as flame images were taken using a PI-MAX ICCD camera with a UV lens (UV-Nikkor 105 mm f/4.5, Nikon). The camera was triggered by a Stanford Research System DG535 four-channel delay/pulse generator which used a low-voltage TTL pulse output generated by the high-voltage pulse generator 1.25 μsec before each pulse, as synchronization input.
To provide qualitative comparison of repetitive nanosecond pulse plasma ignition with conventional ignition methods, we also conducted a series of experiments using DC arc discharge ignition. In these experiments, we used a rectangular flow channel of the same cross section, 1 cm x 5 cm, with a rectangular cavity of the same dimensions, 1.9 cm deep and 1.9 cm long. A spark plug was placed into the bottom of the cavity, with the electrodes flush mounted with the cavity bottom wall. A 6.4 mm diameter alumina ceramic tube was placed in the center of this cavity to replicate the flow field in the cavity used for nanosecond pulse plasma ignition, shown in Fig. 1 . The spark plug was powered by a Glassman 5 kV, 2 A DC power supply connected in series with a 15 kΩ ballast resistor. During operation, a DC arc filament discharge was sustained between the spark plug electrodes, with the voltage and the current on the spark plug of 900 V and 0.11 A (discharge power of 100 W). This is comparable with the estimated time-averaged power of the nanosecond pulsed discharge operating at 40 kHz, 40-80 W (estimated single pulse energy of 1-2 mJ [10, 20] ). The DC discharge was used to ignite premixed ethylene-air flows. Ignition in the main flow was detected by monitoring CH emission at 431 nm through a BK-7 glass window in the side wall of the test section, using a monochromator with a PMT and an oscilloscope. Figure 2 shows a typical single pulse waveform generated by a high-voltage pulse generator in a stoichiometric ethylene-air mixture at P=70 torr, u=35 m/sec, and pulse repetition rate ν=40 kHz. The peak voltage of the negative polarity pulse is 27 kV, with the pulse FWHM of 15 nsec. At 40 kHz, the repetitively pulsed waveform has a very low duty cycle, ~50 nsec / 25 μsec ~1/500. As is well known, most of UV/visible emission produced by nanosecond pulse discharges in air (nitrogen second positive bands) decays within several tens of nanoseconds. For example, the results of our previous work [24] show that N 2 second positive band emission produced by a single 20 kV, 25 nsec pulse in air at 60 torr decreases by three orders of magnitude over 40 nsec. On the other hand, self-sustained hydrocarbon flame emission (OH, CH, and C 2 bands) persists for much longer periods of time, at least a few milliseconds [22] . Finally, N 2 emission intensity during and immediately after the pulse is typically much higher compared to the intensity of these flame emission bands. All this suggests a straightforward method of isolating the plasma emission from the flame emission and obtaining plasma and flame images separately, as illustrated in Fig. 3 . The repetitively pulsed waveform shown in Fig.  3 have been obtained in our previous work [10] using the same pulse generator but a different (plane-to-plane) discharge geometry. To obtain the image of the plasma generated by a single nanosecond pulse, the camera gate, 2 µsec, was set to open shortly before the pulse and close after the pulse (Gate 1, see Fig. 3 ), to collect most of N 2 second positive emission from the plasma. To obtain the flame image (produced mainly by OH, CH, and C 2 emission), the camera gate was set to open 3 µsec after the pulse and increased to 18 µsec, which spanned nearly entire time period between the pulses, 25 µsec for ν=40 kHz and 20 µsec for ν=50 kHz (Gate 2, see Fig. 3 ). In addition, the camera gain was increased to compensate for lower flame emission intensity compared to plasma emission. Shorter gate, lower camera gain, and higher N 2 emission intensity allowed nearly complete discrimination of flame emission during Gate 1. On the other hand, rapid N 2 emission decay after the pulse made possible collecting flame emission only between the pulses.
Results and Discussion
All plasma assisted ignition and flameholding experiments in the present work have been conducted at the pulse repetition rate of ν=40 kHz. Figure 4 shows photographs of a repetitively pulsed air plasma sustained in the cavity of the test section at two different sets of conditions, P=150 torr, u=45 m/sec and P=200 torr, u=50 m/sec. Both these photographs were taken for the pulse burst duration of 20 msec (800 pulses in the burst). It can be seen that in both these cases the plasma fills most of the cavity volume and appears diffuse, without well-defined arc filaments. Figure 5 shows a series of ICCD camera images of the air plasma taken at P=150 torr and a lower flow velocity, u=25 m/sec, using Gate 1 (see Fig. 3 ). From Fig. 5 , it can be seen that the plasma is indeed diffuse although not quite uniform, with a higher emission intensity in three regions on both sides and below the high-voltage electrode (pulses #1 -#200 in Fig. 5 ). The plasma emission becomes more diffuse and volume-filling toward the end of the burst (pulses #400 and #800 in Fig. 5 ), as the plasma heats up. Qualitatively, a series of the ICCD plasma images shown in Fig. 5 are consistent with the photograph which collected visible emission from the plasma time-averaged over the duration of the burst. Figure 6 shows two repetitively pulsed ethylene-air plasma / flame photographs in the test section at the same conditions as in Fig. 4 , P=150 torr, u=45 m/sec and P=200 torr, u=50 m/sec. These photographs were taken for the pulse burst duration of 100 msec (4,000 pulses in the burst). Again, both the plasma and the flame appear diffuse and filling the entire cavity and the main flow channel, respectively. However, comparison with the ICCD images of the plasma and of the flame at P=150 torr and u=25 m/sec, obtained using Gate 1 and Gate 2, respectively (see Fig. 3 ), and shown in Figs. 7, 8 demonstrates that in this case the time-averaged photographs are completely misleading. Although the ethylene-air plasma during the first pulse appears fairly diffuse, plasma images for subsequent pulses (#40 -#180) are completely different, with multiple well-defined arc filaments extending from the high voltage electrode (see Fig. 7 ). ICCD images taken between the high-voltage pulses using Gate 2 (see Fig. 3 ) show that ignition in the cavity occurs after approximately 100 pulses (2.5 msec), with the flame filling the entire cavity after 140 pulses (3.5 msec) and coupling to the main flow after 180 pulses (4.5 msec, see Fig. 7 ). Combustion product flow exhausting from the cavity and flame propagation into the main flow cause plasma filament extension to the downstream side of the cavity.
After the flame couples out to the main flow downstream of the cavity, it also propagates upstream until it fills the entire visible region of the flow, while the plasma in the cavity gradually becomes more diffuse (see Fig. 8 , pulses #200 -#350, 5.0 -8.75 msec). After 400 pulses (10 msec), the flame disappears almost completely, apparently after all fuel in the cavity is burned, leaving weak residual emission. No flame emission was detected between pulses #400 and #1000 (10-25 msec), although the fuel-air mixture was flowing through the test section continuously and the plasma was sustained in the cavity (see Fig. 8 ). Based on the ICCD flame images shown in Figs. 7, 8 , the upper bound estimate of the total burn time is approximately 7.5 msec (pulses #100 -#400), including about 5 msec of combustion in the main flow (pulses #200 -#400). Summarizing the results of Figs. 7 and 8, (i) the fuel-air plasma in the cavity is strongly filamentary during ignition and becomes diffuse after all fuel in the cavity is burned, and (ii) the flame in the cavity and in the main flow exists only for a few milliseconds and disappears after the fuel in the cavity is burned. Obviously, photographs in Fig. 6 show time-averaged images, which do not reflect plasma filamentation and well as dynamics of ignition, flame propagation, and extinction.
Time-dependent OH emission from the main flow channel, taken at P=150 torr and u=35 m/sec and plotted in Fig. 9 is consistent with the series of flame images shows in Figs. 7, 8 . It can be seen that the main flow ignites approximately at t=5 msec after the pulse burst is initiated and the flame in the main flow is extinguished approximately at t=10 msec, lasting for about 5 msec. From Fig. 9 , one can also see that the next main flow ignition spike occurs only about 50 msec later, at t=54 msec, although both the fuel-air flow and the plasma were sustained continuously. This behavior could be due to two reasons, (i) flashback in the premixed fuel-air flow, resulting in complete fuel burning far upstream of the cavity, and (ii) slow mixing rate between the cavity and the main flow, resulting in cavity being filled with combustion products for an extended period of time. Note that to explain a long delay between the two ignition events (OH emission spikes in Fig. 9 ), the flashback would have to propagate upstream through the test section and the delivery line over L ~ 35 m/sec · 50 msec ~ 1.75 m, in which case the flame would be detected in the delivery line made of transparent plastic. Also, in this case the ignition spike frequency would be expected to increase at higher flow velocities because of a shorter flashback distance, while the opposite effect was observed. In fact, as the flow velocity was increased, ignition events such as shown in Fig. 9 became less frequent and more sporadic. Figure 10 (a,b) shows two OH emission oscillograms from the main flow, taken at P=150 torr and two different flow velocities, u=35 m/sec and 60 m/sec (bottom traces in Fig. 10(a) and Fig. 10(b) ). It can be seen that at u=35 m/sec the main flow ignition occurs quite regularly, with the average frequency of 30 Hz (average delay time between OH emission spikes of approximately 33 msec). Although at both flow velocities the first ignition event occurs after approximately the same delay time, 5 msec, at 60 m/sec main flow ignition becomes very irregular, with the average delay time between emission spikes of about 120 msec. This suggests that the reason for the long delay between ignition events is due to slow mixing rate between the cavity and the main flow. To test this hypothesis, a small fraction of the premixed fuel-air flow (up to a few per cent) was diverted from the main channel and injected into the cavity through the bottom wall, as shown in Fig. 1 . This was done to ensure that some amount of fuel-air mixture would be present in the cavity at all times. Figure 10 compares OH emission oscillograms obtained at u=35 m/sec and 60 m/sec, with and without 0.9% of the main flow rate injected into the cavity (top traces in Fig. 10(a) and Fig. 10(b) ). It can be seen that at u=35 m/sec the effect of fuel-air flow injection into the cavity is minor, resulting in a modest increase of the average delay time between ignition spikes from 33 msec to 37 msec. However, at 60 m/sec the effect of injection into the cavity is more pronounced, producing a regular ignition pattern in the main flow with nearly the same delay time between ignition events as at u=35 m/sec, 36 msec. This demonstrates that the rate of mixing between the main flow and the cavity is indeed one of the limiting factors for plasma assisted ignition in the cavity. Basically, in the present flow geometry (cavity length-to-depth ratio of L/D~1), the cavity remains nearly "closed" and filled mainly with combustion products for a long time after ignition occurs and flame couples out to the main flow. Based on the results of Fig. 10 , this effect becomes more pronounced at higher flow velocities. Injection into the cavity helps refilling it with fuel-air mixture after ignition. Varying injection flow rate showed that injecting approximately 0.9% of the main flow into the cavity is near optimum. Increasing injection flow rate above this value reduced time-averaged burned fuel fraction and increased average delay time between ignition spikes, most likely due to shorter injection flow residence time in the cavity.
To confirm that main flow ignition correlates with ignition in the cavity, and to determine whether fuel-air injection results in stable flameholding inside the cavity, time-dependent OH emission from the cavity was monitored separately, using a mask placed on the rectangular optical access window. The results at P=150 torr and two flow velocities, u=60 m/sec and 70 m/sec are shown in Figs. 11 and 12 . OH emission traces from the cavity, plotted in Figs. 11 and 12, were obtained by subtracting nitrogen second positive band emission measured in air (v´-vʺ=1 sequence, v´=1-4 bands transmitted through the 310 nm filter) from the raw fuel-air emission oscillograms. From Figure 11 , it can be seen that at 60 m/sec injection considerably reduced average delay time between ignition spikes in the cavity (to 41 msec), which is consistent with ignition pattern in the main flow at the same flow velocity, with and without injection (see Fig. 10(a) ). Also, from Fig. 11 it can be seen that continuous flameholding in the cavity is not sustained even with flow injection. This may be due to a fairly long time it takes to fill the cavity with the fuel-air mixture from the injector after previous ignition burst, ~50 msec at u=60 m/sec and 0.9% of the main flow injected. Repeated flame extinction and re-ignition with continuous fuel-air injection into the cavity) could also be due to combustion-driven pressure oscillations in the cavity, which may well affect injection flow rate since the injector was not choked. At u=70 m/sec, injection into the cavity also substantially reduced time delay between ignition events, both in the cavity and in the main flow (see Fig. 12 ). In this case, the average delay time between ignition spikes with injection was noticeably longer than at u=60 m/sec, 53-55 msec. Without injection, rare sporadic ignition bursts in the cavity did not couple to the main flow (see Fig. 12 ), which ignited only during the first ignition burst in the cavity or did not ignite at all. Figure 13 shows air plasma temperatures in the cavity, inferred from nitrogen emission spectra in the range of pressures and flow velocities where ignition was achieved when fuel was added to the air flow. The emission spectra were collected with the optical fiber collimator placed near the top of the cavity, above the high-voltage electrode (see Fig. 1 ), except at P=200 torr when an additional series of measurements was taken with the collimator located near the cavity bottom, below the electrode. The emission was integrated over pulse burst duration of 100 msec. It can be seen that the temperature in the plasma increases with pressure and decreases with the flow velocity. The temperatures measured near the top and near the bottom of the cavity are close to each other, except at low flow velocities, u≤15 m/sec (see Fig. 13 ). The uncertainty of temperature inference from the N 2 emission spectra is approximately ±30 0 C. Note that although the diffuse air plasma temperatures are fairly low, down to 170-220 0 C at the high end of the velocity range where ignition was achieved (see Fig. 13 ), the use of these temperatures to interpret ignition results in fuel-air mixtures would be misleading since adding fuel to the flow results in formation of arc filaments (see Figs. 7, 8) where the local temperature may well be significantly higher. As expected, 0.9% of air flow injection into the cavity somewhat reduces the air plasma temperature. From Fig. 14 , which compares temperatures of air plasma measured near the cavity bottom with and without injection, one can see that injection reduces the temperature by up to 40 0 C, down to 150 0 C at u=70 m/sec. Figure 15 show fuel-air plasma temperatures in the cavity in the range of pressures and flow velocities where ignition was achieved, also averaged over the pulse burst duration of 100 msec. Although it can be seen that the time-averaged temperatures in fuel-air are significantly higher than the air plasma temperatures at the same flow conditions, quantitative interpretation of these measurements is extremely difficult because of repeated ignition and flame extinction at low ignition event frequency (see Figs. 7, 8, [10] [11] [12] . Note that the time-averaged fuel-air flow temperature measured at P=200 torr near the bottom of the cavity is consistently lower than near the top, likely due to rapid heat transfer to cold cavity walls. Figure 16 plots time-averaged burned fuel fraction vs. pressure and flow velocity, measured by sampling the combustion product flow through a wall pressure tap into an absorption cell of the FT spectrometer, as discussed in Section 2. All data in Fig. 16 have been taken without fuel-air injection into the cavity. It can be seen that burned fuel fraction decreases with the flow velocity, until it approaches near zero when flameholding is no longer achieved (for P=70 torr this occurs approximately at u=14 m/sec, for P=100 torr at u=25 m/sec, and at P=150 and 200 torr approximately at u=65 m/sec). This is consistent with a trend of ignition spike frequency reduction detected from the time-dependent OH emission traces (compare the results at u=35 m/sec and 60 m/sec, shown in Figs. 10(a) and 10(b) ). Lower burned fuel fraction at the same flow velocity at lower pressures, P=70 and 100 torr, could be due to lower energy per pulse coupled by the discharge to the flow [24] , less pronounced plasma filamentation [25] , and longer ignition delay time [13] . Figure 17 demonstrates the effect of flow injection into the cavity on the time-averaged burned fuel fraction at P=150 torr. One can see that injection considerably increases the fuel fraction burned at higher flow velocities, u=50-70 m/sec (up to 30-50%). Note that at u=70 m/sec without injection, no ignition has been detected in the main flow, although several sporadic ignition events (OH emission spikes) have been detected in the cavity at these conditions (see Fig. 12 ). However, injecting 0.9% of the total premixed fuel-air flow into the cavity resulted in fairly regular repetitive ignition (see Fig. 12 ), with the timeaveraged fuel fraction of 25-30% (see Fig. 17 ). Note that at these conditions the OH emission duty cycle in the main flow is significantly lower, approximately 10% (see Fig. 12 ). This suggests that every time ignition occurs in the main flow, the flame rapidly propagates downstream and to some extent upstream of the cavity, thereby significantly increasing the amount of fuel burned.
To provide qualitative comparison of repetitive nanosecond pulse plasma ignition with conventional ignition methods, we also conducted a series of experiments using a DC arc discharge ignition. A 100 W DC discharge was generated by a spark plug placed in the bottom of the cavity, as described in Section 2, and was used to ignite premixed ethylene-air flows at P=150 torr and u=30-40 m/sec. The results of these experiments are shown in Fig. 18 . It can be seen that at u=30 m/sec ignition spikes in the main flow occur at a very low frequency, approximately 8-10 Hz (comparing with a 30 Hz frequency obtained at u=35 m/sec using repetitive nanosecond pulse plasma, see Fig. 10(a) ). As expected, burned fuel fraction using a DC arc discharge at u=30 m/sec was also very low, approximately 5%. This is almost an order of magnitude less compared to burned fuel fractions using repetitive nanosecond pulse plasma, 34-37% at u=30 m/sec and 41-56% at u=35 m/sec (see Fig. 17 ). At 40 m/sec, ignition spikes using a DC arc discharge became very rare and sporadic (see Fig. 18 ), and in most runs (up to several seconds long each) the flow did not ignite at all. Although quantitative comparison of these the two ignition methods is hardly possible due to different discharge geometries, this simple test demonstrates superiority of repetitive nanosecond pulse plasma ignition compared to localized plasma ignition using a high-temperature DC arc filament. This is consistent with pulsed corona ignition of methane-air and ethylene-air mixtures, which resulted in a shorter ignition delay time compared to spark plug ignition [12] .
Summary
The results of the present work demonstrate that repetitive nanosecond pulse plasma cavity ignition of ethylene-air flows at moderate discharge pressures, P=0.2-0.25 atm, occurs via formation of multiple arc filaments in the fuel-air plasma. Plasma filamentation rapidly occurs in the nanosecond pulse discharge in a fuel-air mixture, although air plasma remains diffuse and low-temperature until the fuel was added. At these conditions, it is difficult to isolate thermal ignition in high-temperature filaments from nonequilibrium plasma chemical fuel oxidation and ignition due to radical generation in a low-temperature plasma. After ignition occurs in the cavity, with ignition delay time of a few milliseconds, the flame couples out to the main flow, extinguishes within a few milliseconds, and is reignited in a few tens of milliseconds. Main flow ignition frequency at P=150 torr decreased from 30 Hz at u=35 m/sec to approximately 10 Hz at u=65 m/sec.
The results of the present experiments demonstrate that repetitive ignition at a low repetition rate occurs due to a slow rate of mixing between the main flow and the cavity. This results in combustion products remaining in the cavity for extended periods of time (up to a few tens of milliseconds). To counter this effect, which becomes more pronounced at higher flow velocities, a small fraction of the main premixed fuel-air flow (up to 1%) was injected into the cavity. At higher flow velocities, u=50-70 m/sec, this approach considerably reduced delay time between ignition events and increased burned fuel fraction. However, even at these conditions no continuous flame was sustained either in the cavity or in the main flow. Further experiments are planned in the cavity with a higher length-to-depth (L/D) ratio, to accelerate the rate of mixing between the main flow and the cavity flow. In these experiments, nanosecond pulse burst plasma ignition will be studied both in premixed fuel-air flows and in air flows with fuel injection into the cavity.
Comparison of repetitive nanosecond pulse discharge ignition with DC arc discharge ignition, with both discharges sustained in the cavity of the same geometry demonstrated that the use of a DC discharge results in longer delay time between ignition spikes, much lower burned fuel fraction, and significantly lower flow velocity at which ignition is produced.
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The Figure 3 . Schematic of ICCD camera gate timing to separate plasma emission from flame emission. A 50 kHz repetitive nanosecond pulse waveform, taken from Ref. [10] , is shown for illustrative purposes. Pulse #1 Figure 7 . ICCD camera images of a repetitive nanosecond pulse plasma and a flame in a stoichiometric ethylene-air flow during ignition burst. P=150 torr, u=25 m/sec, ν=40 kHz (time between consecutive pulses 25 μsec), pulses #1 to #180. Plasma images: camera gate 2 μsec (includes 25 nsec FWHM highvoltage pulse). Flame images: camera gate 18 μsec.
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Pulse #800 Pulse #1000 Figure 9 . Time-dependent OH emission from a plasma-ignited stoichiometric ethyleneair in the main flow at P=150 torr, ν=40 kHz, u=35 m/sec. Figure 14 . Air plasma temperatures in the cavity with and without air injection into the cavity at P=150 torr. The temperature is time-averaged over the pulse burst duration of 100 msec. Emission is collected with the optical fiber placed at the bottom of the cavity. 
